Two experiments were conducted to assess the bioavailability of P in five sources of defluorinated phosphate ( D F P ) that differed in P solubility in neutral ammonium citrate (NAC). In Exp. 1, 384 2-d-old male chicks were fed a corncornstarch-dextrose-soybean meal basal diet (1.22% lysine, 1.00% Ca, .45% P ) or the basal with .05 or .lo% P from monosodium phosphate (MSP), or .lo% P from DFP with 60, 70, 75,82, or 91% NAG soluble P.
Introduction from 83 to 100% for poultry (Peeler, 1972; Nelson et al., 19901 , with similar variations reported for swine Defluorinated phosphate ( DFP) is commonly used (Peeler, 1972; Hagemeier et al., 1981; , as a supplemented P source. The bioavailability of P in 1987). Burnell et al. (1988) provided evidence that a DFP is generally considered to be approximately 87% portion of the variation in P availability estimates for of that of p from monosodium or monocalcium DFP may be due to differences in particle size of the phosphate (NRC, 1988) , although estimates range DFP; higher estimates of availability were associated with smaller particle sizes. Attempts have been made to relate the in vitro 'Paper no. 93-5-188 of the Kentucky Agric. Exp. Sta., Lexington 40546.
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Received December 27, 1993. Accepted June 7, 1994. solubility of feed phosphates in a neutral ammonium citrate (NAC) solution (NAC solubility) to the biological availability of P. In studies with turkeys and chicks, Caswell (19871, Scheideler (1991) , and Sullivan et al. ( 1992) reported a positive relationship between the NAC solubility of DFP sources and the bioavailability of P. However, Day et al. ( 1 9 7 3 ) found little or no relationship between the NAC solubility of seven feed phosphate samples (including five DFP samples) and P availability. Currently, there is no published information on the effect of NAC solubility on P availability in DFP for the pig.
The objective of the present research was to investigate further the relationship of NAC solubility and the biological availability of P in DFP for growing chicks and to determine the relationship of NAC solubility and the bioavailability of P in DFP for growing pigs.
Experimental Procedures
Two experiments were conducted to evaluate the relative biological availability of P in five DFP sources that differed in their P solubilities in NAC. The DFP used in these experiments was from a single manufacturer (Consolidated Minerals, Plant City, F L ) and had NAC solubilities of either 60, 70, 75, 82, or 91%. The NAC solubility index represents the percentage of the P in the DFP source that is solubilized in a NAC solution under standard conditions (pH 7.0, 65°C; AOAC, 1984) . The DFP sources were analyzed for Ca using a modified titration technique (EDTA was the titrating reagent), for P using a colorimetric procedure, and for F using an ion selective electrode technique, all according to AOAC procedures (1984) . All assays were performed by Consolidated Minerals, Plant City, FL. The concentrations of Ca, P, and F were similar for the five DFP sources (Table 1) .
Chick Study (Experiment 1 )
A total of 384, 2-d-old male chicks (Hubbard Farms, Statesville, NC) with a n average initial weight of 58 g were used in a 14-d experiment. The chicks were wing-banded for identification, individually weighed, and placed in two six-tiered batteries (four pens per tier) equipped with raised wire floors and stainless steel feeders and waterers. The pens were 1.50 m x .34 m in size. Temperature in the units was maintained at 35°C for the 1st wk and a t 32°C for the 2nd wk of the test. Chicks were blocked by weight and randomly allotted to pens, with eight chicks per pen. Pens within each block were randomly allotted to treatments. Blocks 1, 2, and 3, respectively, corresponded to Tiers 5 and 6, 3 and 4, and 1 and 2 of Battery 1. A similar pattern was followed for Blocks 4 to 6 in Battery 2. Thus, there were six pen-replicates for each of eight dietary treatments. Chicks were allowed to consume feed and water on an ad libitum basis for the duration of the experiment. Growth rate, feed intake, and feedgain were determined weekly.
The basal diet consisted primarily of corn, cornstarch, dextrose, and dehulled soybean meal (Table  2) . This diet is similar to the basal diet that we have previously used in chick experiments to evaluate the bioavailability of P in feedstuffs . The basal diet was fortified to meet or exceed National Research Council (NRC, 1984) standards for the 0-to 3-wk-old broiler, except for P. The concentrations of Ca and P in the basal diet were 1.00 and .45%, respectively. The .45% P was supplied by corn ( 
Pig Study (Experiment 2)
Thirty-five Hampshire-Yorkshire pigs, initially averaging 15.0 kg BW, were randomly allotted to treatments from outcome groups of weight within sex. The pigs were individually penned in an environmentally controlled building (average low and high temperature of 24°C and 29"C, respectively) in elevated pens (.6 m x 1.2 m ) with expanded metal floors. Pigs were allowed to consume feed from stainless steel self-feeders and water from nipple waterers ad libitum. The pigs were weighed and feed intakes were determined weekly.
The basal diet consisted of corn and dehulled soybean meal and was calculated to contain .95% lysine, .33% P, and .75% Ca (Table 3 ). All nutrient levels, except P, met or exceeded NRC (1988) standards for the 10-to 50-kg pig. All the P in the basal diet was supplied by the corn and soybean meal. The treatments consisted of the basal diet without or with .15% added P from MSP or one of the five sources of DFP. Only a single level of P was used because of limitations in the number of pens available for this experiment. The P sources were added to the basal diet at the expense of cornstarch. The Ca level was maintained at .75% in all diets by adjusting CaC03. Each of the seven diets was fed to five pigs for 33 d. The average final weight of the pigs were 35.9 kg.
At the end of the experiment, all pigs were humanely killed (electrically stunned followed by 
exsanguination) and the third and fourth metacarpals

Bone Strength and Ash Determinations
and metatarsals (from the front and rear feet, respectively) and femurs were collected for breaking
In both experiments, breaking strength of the fresh strength determinations. The breaking strengths of bones was determined with an Instron testing mathe metacarpals and metatarsals were averaged. chine (Model TM, Instron, Canton, MA), according to of the five sources of DFP that differed in their NAC solubility. Amounts in the diet were adjusted so that each source provided .15% P.
fSupplied 110 mg of chlortetracycline per kilogram of diet. methods described by Cromwell et al. (1972) . Breaking strength is defined as the amount of force (in kilograms) that is required to break the bone when it is held in a horizontal position. The bones were broken by a rounded wedge (4.76 mm diameter) lowered on the center of the bone at a speed of 5 c d m i n . The bones were held by two supports spaced 3.2 cm apart for the tibias and the metacarpals and metatarsals, and 8.5 cm apart for the femurs. The force was measured by a pressure-sensitive cell, and peaks of maximum strength were recorded on chart paper.
In Exp. 1, after breaking strength analysis, the ash concentration of the tibias was determined. The tibias were dried in a forced-air oven at 100°C, extracted with petroleum diethyl ether to remove the fat, and ashed in a muffle furnace at 600°C for 12 h. The concentration of ash was expressed as a percentage of the dry, fat-free bone.
Phosphorus Bioavailability
The biological availability of P in the DFP was determined by slope-ratio procedures (Cromwell, 1979 (Cromwell, , 1989 (Cromwell, , 1992 Burnell et al., 1990) in which tibia breaking strength and ash concentration (Exp. 1) and metacarpal-metatarsal and femur breaking strength (Exp. 2 ) were regressed on added P intake. In Exp. 1, a slope was calculated for the basal and the two levels of P from MSP using regression procedures. Regressions based on the basal and each source of DFP were used to determine the slopes for each of the five ET AL.
sources of DFP. The ratio of the slope for each of the DFP sources to the slope for MSP gives an estimate of the bioavailability of P in each DFP source, relative to the availability of P in MSP (which is given a value of 100). This procedure does not measure the absolute amount of P absorbed and retained; instead, it expresses the availability of P in the DFP sources relative to that of the MSP standard. A similar approach was used in Exp. 2; the only difference was that the regression for MSP was derived from only two values (the basal and the .15% P addition of MSP).
Statistical Analysis
In both experiments, the data were analyzed as a randomized complete block design using analysis of variance procedures according to Steel and Torrie (1980) . The model included the effects of block, treatment, and block x treatment (error). In Exp. 1, the linear and quadratic components of added P level were determined within the diets containing increasing levels of MSP ( 0 , .05, and .lo% added P). In both experiments, the effects of NAC solubility among the five DFP sources were partitioned into linear and curvilinear components using orthogonal polynomials, and preplanned nonorthogonal contrasts were used to compare the basal vs the mean of all other treatments, and the highest level of MSP vs the mean of all five DFP sources. The pen was considered the experimental unit in both experiments. dBasal vs all other treatments ( P < .001). eLinear effect of MSP ( P < ,001). fQuadratic effect of MSP ( P < ,091. gDFP vs MSP at .lo% supplemental P level ( P < .07).
hDFP vs MSP at .lo% supplemental P level ( P < ,031.
!DFP vs MSP at .lo% supplemental P level ( P < .05). JLinear effect of NAC solubility ( P < .09). kRelative to the availability of P in MSP (assumed to be 100%). 'Linear effect of NAC solubility ( P < ,051. mLinear effect of NAC solubility ( P < ,081.
Results
Chick Study (Experiment 1 )
Growth rate, feed intake, feedgain, tibia strength, and percentage tibia ash were improved ( P < .001) by P supplementation, regardless of the source of P (Table 4) . These improved responses t o increasing levels of dietary P were linear ( P < .001) for MSP additions. Daily gain and daily feed intake were not different ( P > . l o ) between the highest level of MSP addition (-10% added P ) and the mean of the five sources of DFP; however, MSP was more effective than the DFP sources in improving feeagain ( P < .07), tibia strength ( P < .03), and tibia ash concentration ( P < .05 j. The solubility of DFP in NAC did not consistently affect chick performance, but increasing NAC solubility tended to result in a linear improvement in tibia ash concentration ( P < .09).
Based on the slope-ratio estimate of availability from tibia breaking strength, the biological availability of P in DFP (relative to that in MSP) tended to increase as the NAC solubility index of the DFP increased. Based on tibia ash concentration and on the average of the estimates of availability from tibia strength and ash, the bioavailability of P increased linearly ( P < .05 and P < .08, respectively) as the NAC solubility of DFP increased.
Pig Study (Experiment 2)
The addition of P in the form of MSP or DFP markedly improved ( P < .001) growth rate, feed intake, feedgain, and breaking strength of the metacarpals, metatarsals, and femurs (Table 5 ) . There were no differences between MSP and the mean of the five DFP sources for any of the response criteria, but MSP resulted in numerically greater strengths of the metacarpal-metatarsal (52.3 vs 47.6 kg) and femur strength (169.1 vs 156.9 kg). Feed intake was the only response criterion that was significantly affected by the NAC solubility of the DFP sources (quadratic, P < .04).
The biological availability of P in DFP was not consistently influenced by NAC solubility. Based on metacarpal-metatarsal breaking strength, the biological availabilities of P in DFP ranged from 77 to 89%.
Using femur breaking strength as the response criterion resulted in P availability estimates of from 84 t o 91%. Based on the average of the two bones, the estimated availabilities of P in the DFP sources were 90, 80, 82, 90, and 87%, for the lowest to highest NAC solubilities, respectively. None of these trends was significant ( P > .25).
Discussion
The slope-ratio procedure used in the present experiments to determine the bioavailability of P in the DFP sources was adapted from techniques described by Burnell et al. ( 1990) for the chick and by Cromwell (1979 Cromwell ( , 1989 Cromwell ( , 1992 for the pig. With this procedure, even at the highest level of P supplementation, the total dietary P ( -5 5 % P in the chick experiment, .48% P in the pig experiment) is well below the requirement for maximum bone mineralization in both the chick (NRC, 1984) and pig (NRC, 1988) . A deficient level of dietary P is necessary for the response to dietary P to be in the linear range, a n essential component of the slope-ratio assay. Having a dBasal vs all other treatments ( P < ,001). eQuadratic effect of NAC solubility ( P < .04).
fRelative to the availability of P in MSP (assumed to be 100%).
high degree of confidence that one is in the linear dose range is especially critical when a single level of the test P source is used. Burnell et al. (1990) showed that feeding diets with total P concentrations ranging from .46 to .60% total P (.21 to .35% available P ) to growing chicks resulted in a linear increase ( P < .01) in tibia breaking strength and tibia ash concentration. Furthermore, both traits provided an excellent fit ( r 2 = ,992) to their respective regression lines when these variables were regressed on added Ca and P intake. Similar levels of total (.45 to .55%) and available P (.26 to .36%) were supplied by the basal diet and the two diets containing MSP in the present chick experiment. Also, the responsiveness of both tibia strength and ash and the linearity of fit ( r 2 = .995 and .999, respectively) clearly indicates that our levels of P supplementation were well within the linear response range for chicks.
In Exp. 2, only one level of P from the MSP and the five sources of DFP was fed. An intermediate level of P was not used because of the lack of availability of additional pens for the experiment. Nevertheless, we are confident that the single level of added P (. 15%) is well below the requirement for maximum bone mineralization of pigs and well within the linear dose range of pigs with starting and ending weights of 15 and 35 kg, respectively. For example, in a previous test (Cromwell et al., 19931 , we fed a nearly identical basal diet with .OO, ,075, and .15% added P (from MSP) to pigs over a similar weight range (19 to 41 kg). Metacarpal-metatarsal breaking strengths were 31.8, 42.8, and 60.2 kg, and femur strengths were 93.8, 155.6, and 226.6 kg, respectively. When bone breaking strengths were regressed on P intake, the r2 values were .990 and .977 for the metacarpalmetatarsals and femurs, respectively. In another similar experiment (Cromwell et al., 1994) in which these same diets were fed to pigs over a similar weight range (13 to 35 kg), metacarpal-metatarsal and femur breaking strengths were 22.4, 39.1, and 55.3 kg, and 52.5, 130.8, and 191 .1 kg, respectively, and the r2 values for breaking strength of the two bones were even higher (.999 and .996, respectively) . Also, in a number of previous experiments (Cromwell, 19791, we found that bone breaking strength increased linearly with up to .225% added P from MSP (the highest level fed in those tests). Thus, these data provide evidence that our single level of P was well below the requirement for maximizing bone strength and well within the linear dose range for bone breaking strength measurements.
Most studies have shown that the P in DFP is slightly less available than that in commercial dicalcium phosphate for the chick (Peeler, 1972; Nelson et al., 1990 ) and the pig (Plumlee et al., 1958; Peeler, 1972; Cromwell et al., 19871 , although some studies have shown the P in DFP and dicalcium phosphate to ET AL. be equally available (Hagemeier et al., 1981; Potter, 1988) . Based on our results, the overall biological availability of P in DFP for the chick was 83% of that in MSP (based on an average of tibia strength and ash), and 86% for the pig (based on an average of metacarpal-metatarsal and femur strength). In other studies at our station using these same procedures, the bioavailability of P in mono-and dicalcium phosphate was approximately equal to that in MSP for both chicks and pigs (Coffey and Cromwell, 1992; . Burnell et al. (1988) presented evidence that a portion of the variation in P availability estimates in DFP for the pig may be related to particle size of the DFP; the availability of P was higher for DFP sources of smaller particle size. In their study, the P bioavailability estimates for five DFP sources with mean diameters of .05, .18, 3 0 , 1.25, and 2.00 mm were 97, 87, 92, 89, and 86%, respectively. However, using these same DFP sources in studies with chicks, Burnell et al. (1990) reported that the particle size did not consistently influence the availability of P (92, 98, 82, 97, and 101% for the smallest to largest particle sizes, respectively). Cromwell et al. ( 1987) also reported that the availability of P in a coarse and fine particle size of DFP (mean particle sizes of .98 and .38 mm, respectively) was similar for pigs.
It also has been speculated that the availability of P in DFP is related to its solubility in a solution of NAC. A study by Caswell (1987) demonstrated a positive relationship between thermochemically produced DFP with NAC solubilities of 58, 69, 74, 79, 86, and 92% and bone ash or weight gain in young turkeys. A similar positive relationship ( r = .93) between 14 DFP samples with NAC solubilities ranging from 7.5 to 90.4% and the biological availability of P for female turkeys was found by Sullivan et al. (1992) , using either weight gain, tibia ash percentage, or gaidfeed as the response criteria. These authors concluded that a NAC solubility value of < 55% in DFP would be indicative of an unacceptably low biological value for use in starter diets for broilers or turkeys. Scheideler (1991) also found that the NAC solubility of DFP affected tibia ash, such that broilers fed a low NAC soluble DFP had lower bone ash than those fed a high NAC soluble DFP in diets formulated to contain either 85 or 100% of the NRC (1984) standards for Ca and P. In contrast, Day et al. (1973) found little agreement between the NAC solubility of DFP and P bioavailability for the chick. Comparing five DFP sources with NAC solubilities of 42.6, 60.1, 77.2, 77.6, and 81.2, these authors observed an apparent inverse relationship between NAC solubility and P bioavailability (92, 88, 85, 83, and SO%, respectively) .
In our chick experiment, based on tibia ash concentration or an average of tibia strength and ash concentration, the biological availability of P in DFP increased linearly ( P < .09) as the NAC solubility increased from 60 t o 91% (Figure 1) . A similar response pattern was observed when tibia strength was used to determine the bioavailability of P in DFP for the growing chick, but the trend was not significant ( P > .15). However, in our pig experiment, the effect of NAC solubility on the availability of P, based on metacarpal-metatarsal or femur breaking strength or an average of these two criteria, followed no consistent pattern (Figure 1 ).
There were small differences in the F concentrations of the five sources of DFP in these experiments (.09 to .17%; Table 11 , which resulted in dietary F concentrations of 6, 5, 7, 9, and 6 ppm in the chick experiment and 8, 7, 11, 14, and 9 ppm in the pig experiment. It is unlikely these F levels had any influence on the results. Burnell et al. (1986) concluded that increasing the dietary F level to 2 25 ppm can have a detrimental effect on bone integrity of growing-finishing pigs. However, the level of 25 ppm of F is well above the highest level of F (14 ppm) in the present study. In poultry, Smith et al. (1970) found that tibia ash concentration of caged layers was not influenced by 27 or 53 ppm of F but was reduced when F was added at 87 ppm. Again, their levels were well above the highest level ( 9 ppm) in our experiments. Furthermore, the P:F ratios as the DFP in the present experiments were 183:1, 202:1, 140:1, 106:1, and 165:l for the 60, 70, 75, 82, and 91% NAC soluble DFP sources (Table 11 , respectively, which is well above the recommended ratio of 1OO:l for mineral phosphate supplements (AAFCO, 199 1). In addition, there was no apparent relationship between added F levels from DFP and the biological availability of P. 
I
Chicks
Implications
Within the range tested, these results suggest that a slight positive relationship exists between the percentage of phosphorus that is soluble in a neutral ammonium citrate solution and the biological availability of phosphorus in defluorinated phosphate for the growing chick. In the growing pig, however, the neutral ammonium citrate solubility of the phosphorus in defluorinated phosphate does not seem to be a reliable indicator of the bioavailability of phosphorus.
